A two-year field study investigated integrated management of Striga hermonthica on sorghum through host crop resistance, biocontrol (Fusarium oxysporum isolate 34-FO), and fertilizer application. The experiment was conducted in a field with natural Striga infestation at Kouaré Research Station in Fada N'Gourma, Burkina Faso. Treatments combining sorghum resistance with Fusarium inoculum and N-fertilizer or manure significantly reduced emerged Striga plant number, plant vigour and dry biomass of Striga and the area under the Striga number progress curve (ASNPC) in 2002, as compared to the control. Integrated Striga Management (ISM) plots fertilized with urea, urea plus growth medium or urea plus manure associated with Fusarium inoculum resulted in improved sorghum grain yield of at least 15% in 2001 and of at least 97% in 2002. Economic analysis showed that the combination of sorghum resistance with fungal inoculum or urea at 200 kg ha -1 allowed for a significant financial profit in sorghum production. The results suggest that to reduce Striga infestation below economic threshold, ISM treatments should be consistently applied for several years without expecting very high returns.
INTRODUCTION
Striga hermonthica, the most economically important parasitic weed in the world, is endemic to the African savannah and the Sahel where it can devastate the yields of cereal crops (Parker and Riches, 1993) . S. hermonthica parasitizes all rain fed graminaceous crops in this region but is particularly problematic on sorghum, pearl millet and maize, the major staple cereals of over 300 million people in sub-Saharan Africa (Scholes and Press, 2008) . Crop yield losses due to Striga parasitism have been estimated at 10.7 million tons per year in sub-Saharan Africa (Gressel et al., 2004) . The methods most commonly used by farmers to control Striga in Burkina Faso are hand-pulling, crop rotation, and fallow, but these practices seldom lead to long-term reductions in the populations of S. hermonthica in infested fields (Traoré and Yonli, 2001 ). Sorghum varieties with some resistance to S. hermonthica have been reported in Burkina Faso (Olivier et al., 1992) but no sorghum variety has so far shown complete resistance to the parasite. Consequently, small-scale farmers mostly rely on local sorghum varieties tolerant of Striga infestation, although their cultivation may lead to ever increasing Striga seed-bank densities in the soil (Van Mourik et al., 2008) . Continuous cultivation and limited application of mineral and organic fertilizers have led to depletion of soil nutrients and soil degradation. These conditions combine to favour establishment and increase of Striga hermonthica populations, with devastating effects on cereal production. Nowadays, an integrated approach to Striga management is gaining popularity and generally favoured over the use of any single control method (Van Mourik, 2007) . The use of soil-borne micro-organisms as biocontrol agents of Striga has been investigated in the region. Fungi (Abbasher et al., 1998; Marley et al., 2004; Yonli et al., 2004 Yonli et al., , 2006 and bacteria (Ahonsi et al., 2002) have been suggested as components of integrated Striga management strategies. Ciotola et al. (2000) concluded from their work that the use of Fusarium oxysporum (isolate M12-4A) combined with other control measures could contribute to an effective strategy of control Striga.
The field study reported here investigated the effects of fungal inoculum based on F. oxysporum isolate 34-FO combined with host plant resistance and fertilizer use on crop yield and control of Striga.
MATERIALS AND METHODS Site, characteristics and genetic material
The (Yonli et al., 2006 (Yonli et al., , 2010 . Fungal inoculum was prepared using the technique described by Yonli et al. (2006) . The growth medium (compost) was produced from crop residues, cow dung, Burkina rock phosphate and water according to the method of Sedogo et al. (1999) and autoclaved at 120 °C for 1 hour before inoculating with F. oxysporum isolate 34-FO.
The chemical composition of the compost used in 2001 was: 16.72% carbon, 1.50% nitrogen (N), 0.52% phosphorus (P 2 O 5 ) and 0.06% potassium (K 2 O). The pH was 8.22 and the percentage of organic matter was 28.83%. The compost used in 2002 had: 13.48% carbon, 1.28% nitrogen (N), 2.23% phosphorus (P 2 O 5 ) and 0.05% potassium (K 2 O). The percentage of organic matter was 23.24% with a pH of 7.12.
Cow manure from a cattle barn in the village of Kouaré was used as an organic fertilizer; urea ((CO) 2 NH 2 , with 46% N) and NPK in 12-24-12 were the mineral fertilizers employed.
Experimental design
To investigate host plant resistance, biocontrol (Fusarium inoculum), fertilization (organic and mineral) and possible interactions on Striga emergence and sorghum growth and productivity, the following treatments were evaluated: (1) susceptible sorghum variety S29 (SUS), (2) 
Data collection and analysis
Treatments combining two or more Striga control methods were called integrated Striga management (ISM) treatments. The following observations were made in the two central rows of each plot (10 hills, or a total area of 1.92 m²): (1) symptoms of fungal disease on sorghum, (2) weekly counts of emerged Striga plants from four to twelve weeks after the first emergence of Striga in the experiment, (3) visual estimation of vigour of emerged Striga plants (Haussmann et al., 2000) at 85 DAS, (4) weight of Striga dry biomass at sorghum harvest and (5) sorghum yield. Striga count data were used to calculate area under the Striga number progress curve (ASNPC, Haussmann et al., 2000) .
A comparative economic analysis of treatments was performed. The costs used in this analysis were those of crop seed, the workforce, the mineral fertilizers and the cow manure. The price of a 50 kg bag of fertilizer (urea or NPK) including transportation was 15,000 F CFA (1 F CFA = 0.0017 US $ (Gomez and Gomez, 1984) . Striga counts were log-transformed (log 10 (x+1)) and Striga biomass was transformed by taking the square root of the individual values before performing ANOVA using the SAS program (SAS Institute, Cary, NC). Testing for significant differences between individual means of treatments was determined with the LSD's test at P < 0.05.
RESULTS

Effect of host plant resistance, biocontrol, and fertilizer on Striga infestation
Treatments Table 2) .
Effects of host plant resistance, biocontrol, and fertilizer on sorghum yield
No fungal disease was observed on sorghum plants during either cropping season. ANOVA revealed significant differences (P<0.001) between treatments for the total biomass and grain yield of sorghum (Table 3) . In 2001, the total biomass obtained with the susceptible control (SUS) was significantly lower than all other treatments which were not significantly different among each other. In 2002, the total biomass obtained with susceptible and resistant control treatments were lowest and not statistically different from each other. Four ISM treatments combining either sorghum resistance with Fusarium inoculum and manure or urea (RES+INO+MAN, RES+INO+URE) or sorghum resistance with growth medium and manure or urea (RES+MED+MAN, RES+MED+URE) significantly improved sorghum total biomass by 37-60%, as compared to the resistant control (RES). Sorghum grain yield of the susceptible control (SUS) was lowest in both years (Table 3) . Only the grain yield from the treatment combining sorghum resistance with growth medium and urea (RES+MED+URE) obtained in 2001 was significantly different from that of the resistant control (RES). On the other hand in 2002, sorghum grain yield was higher with ISM treatments as compared to the susceptible control with the exception of the treatment combining sorghum resistance with manure (RES+MAN). ISM treatments lead to an increase of grain yield of 88.8% to 134.4% compared to the susceptible control treatment (SUS).
Profitability of Striga control employing host plant resistance, biocontrol, and fertilizer
The cost of treatments to control Striga may be ranked into three distinct groups ( Table 4 ). In addition to these three treatments, the treatment combining sorghum resistance and growth medium (RES+MED) also allowed a positive profit in 2002. However, a net gain of more than 10,000 F CFA ha -1 was generated in 2001 only by a resistant sorghum variety and a resistant sorghum variety with urea whereas in 2002, a net gain of more than 10,000 F CFA ha -1 was generated only by a resistant sorghum variety with urea and a resistant sorghum variety with Fusarium inoculum. ISM treatments including three components including sorghum resistance, manure, urea, growth medium and Fusarium inoculum and the treatment based on sorghum resistance associated with manure all led to negative net profit for both cropping seasons, due to their relatively high costs (Table 4) . 
DISCUSSION
The absence of fungal disease symptoms on sorghum plants confirmed that sorghum is immune to F. oxysporum isolate 34-FO. With respect to emergence of the parasite and its development, no consistent differences were seen between the two sorghum varieties in the two years. The resistant sorghum variety had significantly higher grain yield than the susceptible variety in both years but still relatively high numbers of emerged Striga plants, which suggests that this variety is more tolerant to (than resistant to) Striga at this location. Despite the absence of significant differences between treatments for the date of Striga emergence, two ISM (2007) who showed in a pot experiment a negative and significant correlation between level of N fertilizer and Striga counts. Working in the Niger, Hess (1989) found that application of nitrogen fertilizer (50 kg ha-1 at sowing and again at the tillering growth stage) restricted Striga number and dry biomass whereas growth was profuse on the unfertilized crop. In the Sudan, Bebawi and Farah (1981) reported that application of nitrogenous fertilizer significantly reduced both Striga number and dry weights. In vitro studies by Pesch and Pieterse (1982) showed reduction in seed germination percentage and radicle length of S. hermonthica in the presence of urea concentrations of ≥ 200 mg L -1 under both acid and alkaline conditions. The amount of nitrogen in our cow manure was presumably insufficient to affect the number of emerged Striga plants in this experiment. Dembélé and Kayentao (2002) observed that the number of emerged Striga plants in plots fertilized with manure was higher than that recorded in plots fertilised with mineral fertilizer. This study shows that ISM treatments including sorghum resistance and urea or manure combined with Fusarium inoculum have the potential to reduce Striga emergence considerably. A similar study in Nigeria, showed that a combination of a resistant sorghum variety and mycoherbicide based on F. oxysporum (isolate PSM 197) significantly reduced the number of emerged Striga by about 95% compared to a susceptible control sorghum variety (Marley et al., 2004 However, the cost of production of the inoculum has not been taken into account in this analysis. We did not estimate the cost of production of the inoculum, but it is clear that this requires skilled labour, laboratory materials, an autoclave and incubation chambers. Therefore, the net gain with Fusarium inoculum treatment in reality should be lower, because of the cost of inoculum production that was not taken into account in the economic analysis.
Although the resistant sorghum variety did not significantly reduce Striga, its grain yield was always significantly higher and the net gain was always positive as compared to the susceptible variety. This result stresses the importance of the use of varietal resistance as a first and low cost option to control Striga and or mitigate its negative effect. A combination of Fusarium inoculum with mineral or organic fertilizers was effective in reducing number and growth of emerged Striga and increasing sorghum yield. Thus, the application of mineral/organic fertilizers and the incorporation of Fusarium inoculum can be beneficial for controlling Striga and improving sorghum yields. The most interesting treatment from this study in economic terms is the combination of sorghum resistance with application of urea. Despite the high cost of treatments with high doses of urea and cow manure, their use should be encouraged because organic fertilizer improves the physical properties and long term soil health and fertility of degraded soils which are heavily infested by S. hermonthica, while mineral fertilizer provides available soil nutrients and immediate positive effects on growth of the host crop. The combination of the application of organic and mineral fertilizers in the same treatment, although not studied here, could be included in future studies. ISM treatments that include Fusarium inoculum can reduce Striga infestation and alleviate Striga damage which in turn can lead to sorghum yield increase. Although the effect of Fusarium inoculum with a resistant sorghum variety in terms of Striga control and sorghum yield improvement is promising, the marginal rate of return is lower than a resistant sorghum variety only and a resistant variety with urea. This suggests that in its current form, Fusarium inoculum is not a viable option for farmers and the Fusarium inoculum method probably needs improvement in efficacy of control as well as ways in which it can be produced. The analysis of production costs and profit margins from treatments with urea showed that, to control Striga infestation under field conditions, one needs to invest a considerable sum that may not immediately be recovered through increased yield. The very low profit margin is an important constraint for the adoption of the technology (high doses of urea) by farmers and broader participatory testing and evaluation in farmers' fields should be performed in order to determine feasibility of the technology.
